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Abstract 
Products and hence processes for todays manufacturing industry sectors become more and more complex in terms of geometry. Increasing 
quality demands furthermore prove the need for deep process understanding, product-oriented process monitoring and adaptive control of the 
machining process. For all of these topics production-suitable sensor solutions are needed, especially the precise measurement of cutting forces. 
This paper describes the application of stationary force measurement platforms for five-axis milling processes with compensated force signals. 
The sensor system is developed for the use on a multi axis machining centre and suitable for all processes with non-stationary workpiece axis, 
e.g., turning operations and five-axis milling processes. The present paper focusses on the scientific and technical challenges for the develop-
ment of an appropriate measurement system for five-axis milling processes. The main technical challenges are the compensation of the dynam-
ic forces, the consideration of the gravity force and the changing mass due to the metal cutting process. For this reason, information about the 
current workpiece position, velocity and acceleration is used for compensating forces that are not resulting from the machining process itself. 
The compensation of these disturbance forces is executed by means of a suitable, intelligent calibration methodology. Test results on a machine 
tool in a production environment and the theory for compensation will be presented in this paper. Furthermore, details about the functional 
design of the system will be provided. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
The manufacturing of products in high-wage countries is 
more profitable when producing complex and high-value 
added parts. Such complex parts e.g., aero engine components 
or parts of tool and die making require complex machining 
operations. Especially aero engine components consist of 
hard-to-machine materials like titanium or nickel based super 
alloys which lead to high requirements on the tools and ma-
chining processes. Furthermore, the high value of the rough-
machined parts and even the raw material demand manufac-
turing processes operating at very high level.  
In most cases machining of these components can only be 
done by means of five-axis milling processes. Due to the 
part’s high value from the early beginning of the manufactur-
ing process, monitoring the machining operation becomes 
essential for economical success. Furthermore, manufacturing 
safety critical parts for aero engines demand a continuous 
monitoring of the manufacturing process to ensure product 
quality and avoid failure during life cycle.  
For milling, measurement of forces has proven to be suita-
ble to monitor the milling process [1]. In general, all meas-
urement is affected by unrequested influence which has to be 
taken into account when analyzing the data. Force measure-
ment in each milling process is dynamically affected through 
the entering and exiting of the tool’s teeth during every revo-
lution [2]. Using five-axis milling processes, additional effects 
influencing the force measurement occur due to the process 
kinematic and movement. 
© 2014 Published by Elsevier B.V. Open access under CC BY-NC-ND license. 
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This paper describes the technical challenges of compen-
sating static and dynamic effects on the force signals in five-
axis milling in order to be able to distinguish process forces 
and dynamic forces evoked by motion. 
2. Force Measurement for Milling Processes 
The measurement of forces in milling processes can either 
be done on the workpiece or on the tool side [3]. Solutions 
measuring the forces on the tool side are not applicable for 
production in a real industrial environment, hence measure-
ment on the workpiece side is conducted in industrial and 
scientific practice [4]. Machine tools for five-axis machining 
most often realize the linear movement in three axis on the 
spindle side and the additional rotational movement of two 
axis on the table side. Hence, the workpiece mounted on a 
force measurement platform underlies the two overlaying 
rotational movements which lead to static and dynamic forces 
acting on the workpiece. Whenever a dynamometer is in mo-
tion during measurement, the force signals are affected by 
side effects such as gravitation. These disturbing signals over-
lay the real process forces. 
Measuring the cutting force has proved particularly suita-
ble for understanding and quantifying machining processes. 
On the one hand, the knowledge of the cutting force is essen-
tial for the machine tool design and its components such as 
drives and machine tool structure. On the other hand, it pro-
vides a valuable insight into the process. With the help of the 
cutting force one can define optimum cutting conditions, 
estimate the level of the workpiece accuracy, identify plasto-
mechanic processes and even understand tool wear mecha-
nisms. The cutting force is a common standard to evaluate the 
cutting characteristics such as a material’s machinability . 
Force measuring devices based on piezoelectric technolo-
gy, so-called dynamometers, play an important role in the 
analysis of machining processes. The ability to acquire high-
quality signals of high-dynamic processes is an outstanding 
feature of piezoelectric force sensors in general. Its sensitivity 
to measure even the smallest variation on the process is fa-
vored but misleading to some extent when used for 5-axis 
machining. 
3. Disturbance Forces on Five-Axis Milling Process 
The measurement of forces during the five-axis milling 
process inheres several sources of disturbances that have to be 
considered when taking signals during the machining process. 
On the machine tool side the changing alignment of  tool and 
workpiece coordinate system needs to be taken into account.  
Besides the forces that occur through the machining process 
itself there are other effects that need to be considered, name-
ly the dynamic forces, the weight forces due to gravitation and 
the loss of mass due to the metal cutting process itself. 
 
 
Fig. 1. Overview of Disturbance Forces during Milling Process. 
3.1. Dynamic Forces 
The dynamic forces occur due to fast rotational movement 
and acceleration of the workpiece mounted on the measure-
ment platform. The effect takes strong influence especially in 
finishing operations of e.g., turbine blades where fast move 
ment of the rotational axis is needed to machine around the 
leading and trailing edge. Due to the rotational acceleration a 
dynamic torque acts on the platform as shown in Fig. 1 at the 
top. The torque L can be calculated by the product of the 
body’s moment of inertia I and the angular velocity ω: 
Z&&  IL ,   (1) 
where L and ω are vectors and I is a matrix [5]. The torque L 
can be considered as the disturbance torque that acts on the 
dynamometer due to rotational movement. With the known 
dimensions of the force measurement platform the real force 
can be calculated by: 
dynPiezo
dynmeasuredreal
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,   (2) 
where Freal is the vector of the real force, Fmeasured is the force 
that is measured from the force measurement device and rPiezo 
describes the position of the force piezo-sensors on the plat-
form.  
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The moment of inertia is consisting of the moment of inertia 
from the dynamometer ID and the workpiece IW. The momen-
tum of the platform ID can be considered as constant, where 
IW is changing for different workpieces. ID and IW can both be 
expressed in form of: 
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The zeros besides the trace of the matrix occur due to as-
sumed symmetrical shape of the platform and workpiece. 
Considering both as a rectangular shape, the components of 
the matrix can be calculated by: 
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where a, b and c are the respective length dimensions of the 
rectangle in x, y and z direction of the coordinate system and 
m is the mass of the body. For calculation of the momentum 
the distance to the center of gravity needs to be considered by 
means of parallel axis theorem [5]: 
)( 22, ssxinertialx zymJJ  ,   (5) 
where Jx,inertia is the corrected moment of inertia and ys and zs 
are the distances of the center of mass. The vector of angular 
velocity ω can be either measured through an acceleration 
sensor or information can be taken from the internal position 
signals of the machine tool, which will be described later in 
chapter 4. 
3.2. Gravitation Forces 
The influence of the weight force due to gravitation is 
shown in Fig. 1 in the middle. Also for conventional station-
ary force measurement the effect of the gravitation has to be 
compensated, however the angle relative to the earth’s gravity 
field needs to be considered for five-axis milling processes. 
The stationary disturbance can be expressed as: 
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where the first vector represents the real forces due to the 
cutting process and the second term the fraction of the gravi-
tation force dependent on the respective angle for each axis.  
3.3. Mass Loss 
The mass change due to the metal cutting process can be 
evaluated by means of the material removal rate Q [6]: 
bfvQ c  ,   (7) 
where vc is the cutting speed, f the feed rate and b the cutting 
width. The material removal rate represents a mass loss per 
time and is dependent on the cutting parameters as shown in 
the formula. The change of mass influences both, the dynamic 
forces and the gravitation forces, where the latter effect has a 
bigger influence when regarding applicable magnitudes of the 
values. The information about mass loss can again either be 
taken from the machine internal data (NC Code) or be evalu-
ated with appropriate sensor solutions. The compensation of 
this effect is not part of this paper as it is assumed to have 
little influence on finishing operations.  
4. Methodology for Compensation of Dynamic Forces 
As described in chapter 3 different disturbance forces have 
to be compensated for measuring of cutting forces for five-
axis milling processes. There are two ways of gaining infor-
mation for calibration and online compensation from the pro-
cess: 
 
x calibration process prior and after the cutting process and 
x use of machine internal signals. 
 
A practical method for using compensated force signals in 
industrial environment needs to combine both approaches for 
an applicable procedure with sufficient accuracy. 
4.1. Calibration Procedure 
For a practical approach by means of a stand-alone solu-
tion, two calibration processes have to be defined. As indicat-
ed, two characteristic values of the system change i.e., the 
changing momentum of inertia of the workpiece IW(t) and the 
changing mass of the workpiece mW(t) due to the cutting pro-
cess, compare Fig. 2. Regarding the systems at two different 
times and assuming a linear change due to relatively low mass 
change one can define 
t
t
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and respectively the same formula for the changing mass, 
where t0 is the time point before the machining process and te 
describes the time after the whole machining process.  
While the mass can be measured directly static, the moment 
of inertia of the workpiece can be calculated using formula 1 
and taking into account the measures force signal and defined  
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Fig. 2. Calibration Procedure for Force Compensation due to Loss of Mass 
through  Machining. 
angular velocity ω0 and ωe, which can be chosen equal by 
parameterizing the machine tool. The procedure by means of 
a practical system without any machine internal signal re-
quires furthermore the measurement of the acceleration using  
a sensor placed on the dynamometer. 
4.2. Use of Machine Internal Signals 
For a more precise approach the signals from the machine 
and related data from NC code etc. can be used to compensate 
the disturbance forces online. In order to evaluate the de-
scribed effects, experimental results were carried out on a real 
production machine. The test setup is shown in Fig. 3, the test 
machine was a Mazak Variaxis 630-5X II T. The forces were 
measured with a Kistler 9255 force measurement platform 
with a measurement range from 30 kN in x and y direction 
and a range from -10 kN to +60 kN in z direction. The test 
piece was a steel cube with length of 140 mm in all directions 
and a weight of 21.4 kg. As test application a finishing opera-
tion for blade machining for a stationary gas turbine engine 
was used. 
For data acquisition the measurement setup is depicted in the 
lower part of Fig. 3. The machine’s internal axis encoder 
signals from the axes in x, y, z, A and C direction (compare  
test setup in upper part of the picture) are logged from the 
machine by means of a National Instruments Compact RIO 
 
 
Fig. 3. Test Setup and Measurement Setup for Data Acquisition. 
 
Fig. 4. Disturbance Force Signal from Five-Axis BLISK Milling Process. 
system. The force signal from the dynamometer is amplified 
by a Kistler charge amplifier 9070 and also guided into the 
Compact RIO system, the data acquisition software was Lab-
VIEW. To analyse the occurring disturbance forces during a 
BLISK milling process an appropriate NC program was exe-
cuted without material removing operation. The resulting 
force signals are shown in Fig. 4. 
The upper diagram shows the forces in the spatial directions. 
The second and the third diagram show the position of A 
respectively C axis of the machine, the lower diagram shows 
the velocity of the A axis. Particularly the latter diagram ex-
presses the needs for a high dynamic compensation of forces 
for A and C axis, as declared in this paper. 
 
For compensation of the disturbance force due to gravita-
tion as discussed in Chapter 3.2, the A axis was moved into 
distinct positions as shown in the upper diagram of Fig. 5. 
The two lower diagrams show the uncompensated and inertial 
forces respectively. The diagrams show that the stationary 
part, i.e., the part where the A axis is not moved can be com-
pensated with help of formula 6, whereas the dynamic effects, 
clearly seen as peaks in the lower diagram are presented in a 
magnitude which is not negligible for a measurement of  
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Fig. 5. Compensation of Gravitation Forces. 
dynamic forces. The A axis corresponds to the rotation φx  
around the x axis, the C axis corresponds to the rotation 
around the z axis φz. 
 
To evaluate the influence of the dynamic forces, further tests 
were conducted with accelerated A axis and stationary C axis 
(one dimensional rotation). Due to the symmetrical situation 
and the inherent compensation with the four piezo elements in 
the dynamometer, the influence described in Chapter 3.1 is 
not present, the x and y forces coming from the dynamometer 
are the resultant forces. The measured signals are shown in 
Fig. 6. The upper diagram shows the position of the A axis, 
the diagram in the middle the appropriate acceleration of the 
axis. The effect of the gravitational forces was already com-
pensated as described before. The C axis was kept stationary, 
which means that the torque due to the moment of inertia is 
zero respectively is compensated from the dynamometer it 
self. The overall disturbance force is relatively low when 
comparing the lower diagram of Fig. 6 and the characteristic 
signals from Fig. 4, here around value of 2.5 N. However, the 
influence is present and can be measured by the dynamome-
ter. The overall center of gravity was calculated and in the 
present case the rotational axis was almost near the center of 
gravity. As this is not present in every application, the shown 
results can be taken as lower limit of the influence and hence 
need to be considered especially when machining material 
causing lower cutting forces and higher cutting speeds, e.g., 
machining of aluminum. 
The effect of inertia due to rotational movement was delib-
erately remedied in this experiments, however, it needs to be 
considered in real machining operations, where a two dimen-
sional rotation, i.e., a combined rotation of A and C axis takes  
 
Fig. 6. Influence of Dynamic Forces. 
place. The presented signals yield knowledge about the mag-
nitude of dynamic and gravitational disturbances for real 
machining processes. The results show that both compensa-
tions are measurable and need to be compensated for both 
machine axes within short time frames defined by the machin-
ing process. 
5. Conclusion and Further Steps 
In order to develop a sensor system that is able to measure 
forces during a five-axis milling process, the disturbance 
forces due to dynamic forces caused from rotation of the 
workpiece, the changing position of the workpiece in the 
earth’s gravitation field and the loss of mass due to the ma-
chining process itself have to be compensated. The paper 
shows the theoretical background and first results for the 
gravitational and dynamic compensation by means of usage of 
internal machine signals. As a next step a separate accelera-
tion sensor will be used to develop a further idea of a stand 
alone system allowing to autonomously compensate the dy-
namic forces in a suitable magnitude. Such systems need to 
have an easy to apply calibration process, where the calibra-
tion process needs to be conducted prior and after the cutting 
process to evaluate the influence of changing mass and work-
piece moment of inertia respectively. The influence of the 
mass loss is assumed to be negligible for finishing processes.  
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